The bubble behaviour has been studied in bubbling fluidized bed composed of the binary mixtures of titanium slag and carbon particles by analysis of pressure time series. The results show that the IOP analysis method can effectively filter out most of the compression wave components at low jetsam fraction and small light particles, but can't effectively remove the compression wave components at high jetsam fraction and large light particles in binary particle fluidized bed. IOP xy functions is significantly affected by the mixed state of binary particles, which means that bubble behavior depends on the segregation/mixing of binary particles in fluidized bed. 
Introduction
Fluidized bed has been widely used in many industries because of its desirable characteristics such as high heat and mass transfer rates, temperature homogeneity, and rapid mixing of particulate materials. The component that tends to sink to the air distributor is referred to as "jetsam", while the component that tends to float on the fluidized bed surface is referred to as "flotsam" [1] . The gas bubble characteristics can be investigated with direct methods by measuring the local voidage in fluidized bed such as optical and capacitance, and indirect method by measuring pressure fluctuations. Measuring pressure fluctuations has received more attention due to its advantages such as relatively simple, non-intrusive, and inexpensive, and time-and frequency-domain analysis techniques have been widely used to analyze the pressure time signals [2] [3] [4] . Bi [5] and Sasic et al [3] reviewed the investigation of the fluid-dynamic behavior of gas-solid fluidized beds using pressure signals and the sources of pressure fluctuations, propagation features and the nature of pressure waves in fluidized beds. Falkowski and Brown [2] investigated the effect of bed parameters on the power spectra from the corresponding pressure fluctuations for developing pressure fluctuations as a diagnostic tool for fluidized-bed reactors and combustors.
Origin of pressure wave is composed of two main sources, one is global compression wave (fast-travelling wave) that originates from bubble formation and bubble coalescence and can travel upwards and downwards through the bed from the point of their origin, the other is the local fluctuations caused by bubble passage and gas turbulence [6] [7] [8] . In order to obtain the information of bubble-passage from the pressure signals, the pressure fluctuations corresponding to compression waves need be removed. Van der Schaaf et al [9] proposed a decoupling method that splits the power spectral density (PSD) of pressure time series into the coherent output PSD (COP xy ) corresponding to global compression wave, and the incoherent output PSD (IOP xy ) corresponding to local fluctuations in the vicinity of measurement port, which is briefly quoted as the follows. IOP fluctuations can effectively filter out most of the dominant compression waves in fluidized beds, while retaining more bubble-related local pressure wave components. Several researchers had employed this method to analyze the pressure time series in mono-particle fluidized bed and the results showed that bubble size estimated by this method was good agreement with experimental data [10] [11] [12] .
Bubble behaviour, such as bubble growth, bubble coalescence and bubble eruption, has a significant influence on the mixing/segregation of binary particles [13] , resulting in intensifying or weakening the heat and mass transfer. However, there are few reports about bubble behaviour in binary particle fluidized beds though a great deal of literatures about that in mono-particle fluidized beds have been published. So, this work focuses on bubble behavior in fluidized bed with binary mixtures with the method proposed by van der Schaaf [9] . The experimental apparatus is shown in Fig. 1 , which consists of a 80 mm ID Plexiglas column, 3 m high, equipped with a set of pressure transducers and a data-acquisition unit. The time series consists of 20000 data points measured with a sample frequency of 200 Hz for 100s. Air was used as the fluidizing gas and titanium slag particles with dp=166 m were used as heavy component, and carbon particles with dp=147 m and dp=345 m were used as light component in this work. The static bed height was 460 mm, and the superficial gas velocity ranged from 0.0553 to 0.5 m/s.
3 Results and discussion 3.1 Effects of the composition of mixtures and diameter of light particles Figure 2 reports the variation of IOP xy amplitude with different jetsam mass fraction and different light particle diameter in the range of 0-8 Hz at H=250mm. The high-intensity components are concentrated in the range of 0-4 Hz, and a peak is present at f =0.4 Hz for most of the operating conditions, which is corresponding to pressure waves generated by bubble travelling, and this dominant frequency is independent on jetsam mass fraction and diameter of light particles. It also can be seen that the amplitude of second peak increases with increasing jetsam mass fraction and approximates that of the first one when jetsam fraction is high up to 80% as shown in figures 2b, 2d, which means another dominant frequency may be present when jetsam fraction is high. The second dominant frequency located near 1 Hz (in the range of 0.8-1.5), which was considered the natural oscillation frequency in mono-particle fluidized bed [5, 11, 14] , is corresponding to pressure fluctuations caused by TS particle oscillation in binary particle fluidized bed. The reason may be that TS particles are backmixing and diffusing into gas bubbles due to its high density and small size, which results in pressure fluctuations caused by the heavy particle oscillation in gas bubbles can't be effectively filtered out after being dealt with the IOP method. H=250mm, u g =0.249 m/s. a, b: dp l =147 m; c, d: dp l =345 m; Figure 3 reports the amplitude of incoherent output PSDs as a function of superficial gas velocity. The amplitude of highest intensity component (at f = 0.4 Hz) increases with increasing the superficial gas velocity, which indicates that the dominant bubble size increases with increasing superficial velocity in fluidized bed. Simultaneously, the more high-intensity components are appeared with the increase of gas velocity in fluidized bed, which indicates that the number of small bubbles increases with increasing gas velocity. The dominant frequency is independent of the gas velocity in the range of 0.083-0.332m/s, which is different from the results obtained in mono-particle fluidized system [2, 14] . The only slight change of dominant frequency occurs as the superficial velocity increases from 0.332 m/s to 0.415 m/s, which may attribute to a change in the fluidization regime. Fig. 3 Effects of gas velocity on the IOPxy at H=250mm, XJ=61.7% and dpl=345 m Figure 4 shows the variation of amplitude of the IOP xy at the different measurement height, indicating marked difference between low and high superficial gas velocity in fluidized bed. At high gas velocity of 0.332 m/s, the amplitude of IOP xy increases with increasing measurement height, while at low gas velocity of 0.083 m/s, the amplitude decreases with increasing measurement height. This difference may be caused by the different mixed state of binary solids mixtures at different gas velocity. The binary solids particles are well-mixed at gas velocity of 0.332 m/s, and gas bubbles grow up gradually as they rise along the bed column, which results in minor pressure fluctuations at H=150mm and strong pressure fluctuations at H=350mm. However, the binary particles will segregate at low gas velocity of 0.083 m/s, just above minimum fluidization velocity, which results that the mixtures mainly consist of the heavy component at cross section of H =150 mm, while light component at cross section of H =350 mm. The bubble in the TS particle bed needs more force to move the particles comparing to the bubble in the CA particles bed, which results in a stronger fluctuation at H=150 mm than that at H=350 mm. 
Effects of gas velocity in the fluidized bed

IOP xy components variation with measurement height
Conclusions
The IOP analysis method can effectively filter out most of the compression wave components at low jetsam fraction and small light particles, but can't effectively remove the compression wave components at high jetsam fraction and large light particles in the binary particle fluidized bed.
The gas velocity significantly influences bubble size in fluidized bed with binary particles. At low gas velocity, increasing the superficial gas velocity results in enlarging the dominant bubble, while at high gas velocity, increasing gas velocity results in not only enlarging the dominant bubble also increasing number of small bubbles, Frequency Hz resulting in that the averaged bubble size increases quickly with increasing the superficial gas velocity. IOP xy functions is significantly affected by the mixed state of binary particles, which means that bubble behavior, such as bubble size, bubble coalescence, bubble eruption etc, depends on the segregation/mixing of binary particles in fluidized bed.
